The secondary structure of encapsidated MS2 genomic RNA poses an interesting RNA folding challenge. Cryoelectron microscopy has demonstrated that encapsidated MS2 RNA is well-ordered. Models of MS2 assembly suggest that the RNA hairpin-protein interactions and the appropriate placement of hairpins in the MS2 RNA secondary structure can guide the formation of the correct icosahedral particle. The RNA hairpin motif that is recognized by the MS2 capsid protein dimers, however, is energetically unfavorable, and thus free energy predictions are biased against this motif. Computer programs called Crumple, Sliding Windows, and Assembly provide useful tools for prediction of viral RNA secondary structures when the traditional assumptions of RNA structure prediction by free energy minimization may not apply. These methods allow incorporation of global features of the RNA fold and motifs that are difficult to include directly in minimum free energy predictions. For example, with MS2 RNA the experimental data from SELEX experiments, crystallography, and theoretical calculations of the path for the series of hairpins can be incorporated in the RNA structure prediction, and thus the influence of free energy considerations can be modulated. This approach thoroughly explores conformational space and generates an ensemble of secondary structures. The predictions from this new approach can test hypotheses and models of viral assembly and guide construction of complete three-dimensional models of virus particles.
INTRODUCTION
The MS2 RNA genome has a significant, functional structure when encapsidated inside the virus particle. Cryoelectron microscopy of MS2 particles attached to the Escherichia coli pilus at the fivefold vertex and analyzed with only fivefold averaging reveals that 90% of the encapsidated RNA is well-ordered and forms two layers inside the icosahedral viral particle (Toropova et al. 2008 . The MS2 bacteriophage is a T = 3 icosahedral viral particle composed of 180 copies of the same coat protein (Valegard et al. 1990; Golmohammadi et al. 1993) . These coat proteins form dimers, and dimers that bind an RNA hairpin have an allosteric conformational change in the FG loop region of one protein, making an asymmetric A/B dimer rather than a symmetric C/C dimer (Stockley et al. 2007; Rolfsson et al. 2010) . The FG loops of the B conformation of the coat protein surround the fivefold vertices of the icosahedrons, and the FG loops of the A and C conformations of the coat protein interdigitate at the threefold vertices of the icosahedrons ( Fig. 1 ) in order to make an icosahedron of 60 A/B dimers and 30 C/C dimers (Valegard et al. 1990; Golmohammadi et al. 1993) . The symmetry of the icosahedron and the locations of the RNA hairpins in the A/B dimers suggest possible paths for the series of hairpins in the MS2 genome (Dykeman et al. 2011) . Thus, binding RNA hairpins may play an important role in assembling a virus particle with the correct size and symmetry (Koning et al. 2003; Stockley et al. 2007; Basnak et al. 2010; Morton et al. 2010) . Predictions of the MS2 bacteriophage RNA secondary structures can facilitate modeling of the assembly pathways and the complete three-dimensional structure of the MS2 virus particle.
The MS2 bacteriophage RNA genome has a greater propensity for hairpin formation than other viral nucleic acid sequences (Nussinov and Sussman 1980) . The trigger 1 hairpin in MS2 initiates assembly of the viral particle and regulates translation (Beckett and Uhlenbeck 1988; Beckett et al. 1988; Pickett and Peabody 1993; Peabody 1997) . Sequence comparisons to similar bacteriophage and SELEX experiments have identified a consensus motif for the trigger hairpin-coat protein dimer (TR-CP2) interaction (Schneider et al. 1992; Witherell et al. 1991; Hirao et al. 1999; Shtatland et al. 2000) . The crystal structure of the virus particle formed in vitro with RNA trigger hairpins and coat protein reveals clear electron density for the RNA (Valegard et al. 1994 (Valegard et al. , 1997 . Crystallographic studies of several hairpins identified by SELEX experiments and hairpins with site-specific chemical modifications reveal the hydrogen bonding and stacking interactions that stabilize this RNA-protein interaction (Fig. 2; Valegard et al. 1994; Convery et al. 1998; van den Worm et al. 1998; Rowsell et al. 1998; Grahn et al. 1999 Grahn et al. , 2000 Grahn et al. , 2001 Helgstrand et al. 2002; Horn et al. 2004 Horn et al. , 2006 . The binding pocket creates space for hairpins of only 3-4 nucleotides (nt). The stacking interactions and hydrogen bonding to the amino group of the A in the 39 position of the hairpin (which is often referred to as the À4 position relative to the AUG start sequence in MS2 RNA) favor an A nucleotide in that position in the SELEX experiments. A cytosine can also be selected in that position. The bulged nucleotide in the stem helix (the À10 position relative to the AUG start sequence) reaches across the protein dimer interface to make stabilizing hydrogen bonding and stacking interactions. The free energy of the trigger hairpin-coat protein dimer interaction is À11.9 kcal/mol (Beckett and Uhlenbeck 1988), and mutations and deviations from the consensus motif alter binding affinity (Carey et al. 1983; Lowary and Uhlenbeck 1987; Wu and Uhlenbeck 1987; Witherell et al. 1991; LeCuyer et al. 1996; Romaniuk et al. 1997; Johansson et al. 1998) .
Although the TR-CP2 interaction is very energetically and structurally stabilizing, the consensus RNA secondary structure motif contains energetically unfavorable motifs. Each hairpin initiation and each bulge loop initiation adds a free energy penalty to secondary structure predictions (Mathews et al. 2004) . RNA secondary structure predictions based on traditional free energy minimization do not include RNA-protein interactions and assume that the lowest free energy structure is the functional structure. In the case of encapsidated MS2 RNA, RNA-protein interactions provide significant energetic stability (60 3 À11.9 kcal/mol = À732.0 kcal/mol maximum amount of additional free energy from protein binding) that creates an enormous energy window over which to search for possible suboptimal RNA structures. The free energy of the RNA-protein interaction (À11.9 kcal/mol) is larger than the free energy of RNA hairpin formation (À9.3 kcal/mol) (Witherell et al. 1991) . Thus, the free energy from TR-CP2 interactions could overcome hairpin initiation and suboptimal RNA hairpin folding. Furthermore, viral assembly may be a kinetically driven rather than a thermodynamically determined process. Thus, traditional RNA secondary structure predictions based on free energy minimization may not be the best tool to predict possible structures for encapsidated MS2 RNA.
The Sliding Windows and Assembly approach offers an alternative method to predict RNA secondary structures when the assumptions of traditional free energy minimization may not apply (Schroeder et al. 2011) . The basic idea is to predict all possible hairpins within small windows of the nucleotide sequence and then filter and score the possible hairpins based on experimental data. The Crumple program rapidly calculates all possible secondary structures FIGURE 1. Surface representation of MS2 bacteriophage from Protein Data Bank file 1ZDH (Valegard et al. 1997 ), a crystal structure of in vitro assembled MS2 coat protein with synthetic RNA hairpins. A/B dimers are shown in blue and green. C/C dimers are shown in purple. The fivefold vertices appear as blue stars. The sixfold vertices appear as three purple and three green points. FIGURE 2. Trigger RNA hairpin-coat protein dimer interaction. The asymmetric A/B dimer of two coat proteins is shown in blue and green ribbons. The RNA helix stretches across the b-sheet dimer interface. Two adenines that make important hydrogen bonds with each coat protein are shown in bright pink. The adenine in the 39 position of the hairpin hydrogen bonds with lysine, threonine, and serine amino acids on the blue dimer. The single bulge adenine interacts with lysine, threonine, and serine amino acids on the green dimer. Figure created from Protein Data Bank file 1ZDH (Valegard et al. 1997) , ViPER (Shepherd et al. 2006) , and Pymol (Schrodinger 2008). for each window using only base-pairing rules and does not consider thermodynamics. The scoring function is flexible and can accommodate a wide variety of experimental data, including crystallography, cryoelectron microscopy, SELEX, chemical modification, and phylogenic comparisons. Thermodynamic parameters can also be included in the scoring function, but the advantage of Crumple and Sliding Windows is the ability to modulate the influence of thermodynamics on predictions. Crumple and Sliding Windows generate the elements of an ensemble of secondary structures. The Assembly step then finds combination of hairpins with the best possible overall score and can include constraints based on predicted paths of the genome on the icosahedral lattice. Assembly generates only one subset of the ensemble of possible solutions. This study presents predictions for encapsidated MS2 bacteriophage RNA based on the minimum number of helices from crystallography and cryoelectron microscopy (Valegard et al. 1990 (Valegard et al. , 1994 (Valegard et al. , 1997 Toropova et al. 2008 Toropova et al. , 2011 , the sequence motifs identified by SELEX (Hirao et al. 1999; Shtatland et al. 2000) , and predicted Hamiltonian paths of the RNA genome on the icosahedral lattice (Dykeman et al. 2011) .
RESULTS
Scoring functions based on experimental data can reduce the possible conformational space of possible folds for an RNA sequence. In order to demonstrate how SELEX data can reduce the possible folds for MS2 RNA, each criterion, or characteristic of the SELEX consensus motif, is added one at a time, and a plot of the possible hairpins satisfying these criteria are shown in Figure 3 . The x-axis is the nucleotide number, and the bars represent the nucleotides forming a helix. The color of the bar represents the score for that hairpin, or how well that hairpin satisfies the criteria. The scoring functions used for Figure 3 , A through D, consolidate the results of several SELEX experiments done under several conditions with different selection stringency and competition (Witherell et al. 1991; Schneider et al. 1992; Hirao et al. 1999; Shtatland et al. 2000) . The scoring functions describe motifs or global features of RNA that are difficult to directly incorporate into traditional RNA structure prediction programs.
For MS2 RNA, the least restrictive scoring function identifies all possible hairpins of 3 or 4 nt with at least 5 bp in the stem. Watson-Crick or GU pairs have the best score. Helices with fewer mismatches have better scores, and terminal mismatches are scored better than internal mismatches. Helices containing bulges and internal loops are also allowed. The scoring for helices thus also favors helices that would likely be thermodynamically stable, but does not directly calculate predicted free energies. This collection of possible hairpins in the MS2 sequence is shown in Figure 3A .
The scoring can be further refined by including the preferences for hairpin binding sequences determined by SELEX (Witherell et al. 1991; Schneider et al. 1992; Hirao et al. 1999; Shtatland et al. 2000) . An A nucleotide is strongly selected in the 39 position of the hairpin for both 3-and 4-nt hairpins. A C nucleotide is also allowed with a lower score. The set of hairpins scored with this additional criterion is shown in Figure 3B . The preferences for an A in the 59 position of 4-nt hairpins and a U in the 59 position of 3-nt hairpins can also be added to the scoring function (Fig. 3C ).
In the case of MS2 RNA, helices with a single nucleotide bulge 2 bp below a 4-nt hairpin or 3 bp below a 3-nt hairpin bind the coat protein more favorably (Fig. 2) . The bulged nucleotide reaches across the dimer interface and stacks and hydrogen bonds with several amino acids. One monomer of the protein dimer interacts with the bulged nucleotide, and the other interacts with the hairpin nucleotides. An adenine is the most selected nucleotide for the bulge, followed by a guanine. A pyrimidine is ranked lower. A mismatch (1 3 1 nucleotide loop) or a 1 3 2 nucleotide asymmetric loop that would have a similar bulged nucleotide is ranked next. Helices with no bulge are ranked lowest. The results from the scoring function that includes these preferences for bulged nucleotides are shown in Figure 3D .
All the scoring functions restrict the conformational space of possible RNA foldings. The amount of restriction depends on how many criteria are applied and on whether the criteria is defined as an absolute requirement or a preference with higher rank. The scoring function is, therefore, extremely important in determining which helices and which assemblies will emerge from the assembly process.
The Assembly step identifies 60 hairpins that best satisfy the criteria and give the best score. Sixty hairpins are proposed to bind the 60 A/B coat protein dimers. This constraint is derived from crystallography and cryoelectron microscopy data on MS2 viral particles (Valegard et al. 1990; Golmohammadi et al. 1993; Stockley et al. 2007; Toropova et al. 2008 Toropova et al. , 2011 Rolfsson et al. 2010 ). The predicted Hamiltonian path for the series of hairpins is based on the geometry of the icosahedral lattice (Dykeman et al. 2011 ). This provides an additional constraint for the spacing between hairpins that is included in the Assembly step. The hairpins identified in the Assembly step from the ensemble in Figure 3D are shown in Figure 4 . The ensembles in Figure 3 best represent the set of predicted structures for encapsidated MS2. The hairpins resulting from the Assembly step (Fig. 4) are the best representatives of the ensemble for a given scoring function and follow the best proposed Hamiltonian path. The set of hairpins in Figure 4 requires only 10 short steps and can fit more than one possible Hamiltonian path. Any nonoverlapping set of 60 hairpins that follows any of the proposed Hamiltonian paths in either direction would satisfy all the experimental constraints.
The representative single secondary structure (Fig. 4 ) has 60 hairpins of 3-4 nt. All the hairpins have either an A or C in the 39 position. Thirty-four of the hairpins have a bulged nucleotide as a single bulge, a single mismatch, or a 1 3 2 loop in the appropriate position to stabilize protein dimer binding. Bulges further down the helix may also potentially stabilize the RNA-protein interaction, and all but four of the loops have at least one bulged nucleotide. Thus, these hairpins match the SELEX data well. In contrast, the ensemble centroids predicted by SFOLD (Ding et al. 2004a,b) or Vienna software (Gruber et al. 2008 ) have many hairpins but few that would form stabilizing RNA-coat protein interactions (Table 1) . GNRA tetraloops are a common motif found in secondary structures predicted with free energy minimization and would satisfy many of the criteria, but very few of the hairpins predicted with standard software include bulged nucleotides. Thus, the flexibility of the scoring functions in the Sliding Windows and Assembly approach enables the generation of secondary structures that best match the experimental data. FIGURE 4. Set of 60 hairpins that best satisfy the scoring function in Figure 3D and the best-predicted Hamiltonian path for MS2 RNA (Dykeman et al. 2011) . The helix numbers are listed only for the top row (hairpins 1-10) and then the first hairpin on the left in each row. The number below the hairpin represents the first 59 nucleotide in the helix. Hairpins are listed in 59-39 sequence order. Small circles indicate strong chemical modification hits on in vitro-transcribed free MS2 RNA (Fiers et al. 1976; Skripkin et al. 1990 ). An x marks the single chemical modification hit at A2142 that is inconsistent with the predicted hairpins. Chemical modification is allowed at helix ends, in GU pairs, adjacent to GU pairs, and adjacent to bulges and loops (Mathews et al. 2004 ).
The unrestrained Vienna predicted centroid structure comes very close to generating 60 hairpins that would satisfy the dimer protein binding criteria. Sixteen of the 60 hairpins in Figure 4 are also present in the Vienna predicted structure. This may result from the stability of GNRA tetraloops, stable 1 3 1 loop thermodynamic parameters, or the inclusion of thermodynamic stability as the last criterion (as a tie-breaker when all other scores are equal) in the scoring functions used to generate Figures 3 and 4 . The Vienna predicted structure, however, contains many multibranch loops and does not satisfy constraints from possible Hamiltonian predicted paths. Although the structures generated by SFOLD and Vienna software have substantially lower free energies, the energetic stabilization when forming virus particles would be less.
In addition, the secondary structure resulting from Assembly is intentionally underpredicted; there are many more possible pairing interactions that can form within the 2542 nt between the 60 hairpins. These additional pairs may be better identified in future modeling studies of the RNA and protein in the three-dimensional virus particle. The assembly program produces only the minimum hairpins necessary to satisfy the crystallography and cryoelectron microscopy data. Future studies and more asymmetric constraints will be necessary to continue modeling the remaining encapsidated MS2 RNA.
DISCUSSION
The approach of using Crumple, Sliding Windows, and Assembly to generate an ensemble of RNA structures is a useful tool when the assumptions of traditional free energy minimization may not hold. In the case of encapsidated MS2 RNA structure, the motif that binds the coat protein dimers has a very energetically favorable RNAprotein interaction but a thermodynamically unfavorable RNA secondary structure. The ensemble in Figure 3D and the set of hairpins in Figure 4 provide a useful starting point for modeling the remaining RNA structures and the full virus structure. The hairpins presented here provide a better starting point than traditional secondary structure methods for the following reasons: The motif for RNAprotein binding interaction is a better match, the set of hairpins satisfies a Hamiltonian path and thus guides the relative placement of hairpins in the particle, and the RNA structure is inherently underpredicted in order to allow flexible fitting with and around the remaining protein.
The hairpins identified in the Assembly step (Fig. 4) are consistent with all but one of the 110 strongest chemical modification hits in previous studies of MS2 RNA free in solution (Fiers et al. 1976; Skripkin et al. 1990 ). These data were not included in the prediction, but the scoring function could easily include this kind of data. Chemical modification can occur in unpaired nucleotides or flexibly paired nucleotides adjacent to GU pairs, loops, or the end of a helix (Mathews et al. 2004 ). The one exception in the MS2 prediction is A2142, which is hit strongly by dimethyl sulfate but is predicted to occur between two Watson-Crick base pairs in hairpin 34. Hairpin 32 has many chemical modification hits that are computationally acceptable but may make hairpin formation unlikely in the absence of capsid proteins. Weak hits were not considered because these hits are not usually used in RNA structure predictions and, in the case of an ensemble of RNA structures, do not distinguish between strong hits in a minority conformation versus weak hits in a majority of conformations. The MS2 RNA in solution may also exist in an ensemble of RNA secondary structures. Predictions can be made about changes in chemical modification patterns for the ensemble in solution and the ensemble of structures inside the virus particle. For example, the nucleotides in the hairpin 42 loop are hit strongly, and the prediction is that these nucleotides would be protected upon capsid protein dimer binding.
The predictions from Sliding Windows and Assembly also generate testable hypotheses for virus assembly. One model of MS2 assembly poses that the TR-CP2 interaction directs the formation of pentamers and guides assembly of the correct T = 3 virus particle (Koning et al. 2003; Stockley et al. 2007; Basnak et al. 2010; Morton et al. 2010) . If the TR-CP2 interaction is an essential interaction throughout the assembly process of the entire genome, then the predicted ensemble with the most constraints would best represent the encapsidated RNA conformations. This ensemble predicts that the adenines in RNA hairpins (233 adenines in the 60 hairpins in Fig. 4 ) would most often be protected. There are clear gaps between possible hairpins in Figure 3D . This ensemble of conformations would generate a chemical probing protection pattern with distinct groups of hits with very different intensities. On the other hand, if the TR-CP2 interaction is necessary only for initiation of assembly and then the cooperativity of viral assembly is strong enough that the specific TR-CP2 interactions become less important as assembly continues, then very loose restraints for hairpins, as shown in Figure 3A , may better represent the ensemble of encapsidated RNA conformations. This model predicts that very few adenines would not be involved in hairpins at least some of the time and thus have reduced DMS modification. One would expect weak to moderate DMS hits to occur with similar intensity across the entire genome without clusters of strong and weak hits in this model.
Previous models of MS2 bacteriophage secondary structure have been generated from chemical and enzymatic probing of the in vitro-transcribed MS2 RNA free in solution (Fiers et al. 1976; Skripkin et al. 1990 ). The MS2 RNA secondary structures may also change in the presence of the capsid proteins. Comparisons of chemical probing on in vitro and in capsa viral RNA genomes in cucumber mosaic virus, HIV, and xenotropic murine leukemia virusrelated virus (XMRV) show some regions of structure conservation and some regions where chemical accessibility changes (Rodrigues-Alvarado and Roossinck 1997; Paillart et al. 2004; Wilkinson et al. 2008; Watts et al. 2009; Grohman et al. 2011) . The previous MS2 RNA secondary structure predictions also predict a single minimum free energy structure. Long RNAs of 3569 nt are unlikely to adopt a single conformation in the absence of proteins and may better be described by a Boltzmann centroid (Ding and Lawrence 2001) or an ensemble of RNA structures (Quarrier et al. 2010; Marek et al. 2011; Schroeder et al. 2011) . When folding the MS2 RNA sequence from nucleotides 415-3509 in a Vienna package (Gruber et al. 2008) , the probability of the minimum free energy structure occurring is less than 0.005. In contrast, the predictions generated by Crumple and Sliding Windows represent the many possible hairpins that satisfy the experimental data as an ensemble of structures.
The ensemble model of encapsidated viral RNA implies structural heterogeneity inside the virus particle, which is consistent with crystallographic observations. The electron density for hairpins bound to the coat protein dimers is not observed in crystal structures of native virus particles (Valegard et al. 1990 ) but is observed in crystal structures of particles reconstituted with 19-mer RNA hairpins and coat proteins (Valegard et al. 1994 ). The crystal structures are icosahedrally averaged, which complicates the estimation of the true structural heterogeneity. The sequence variation in populations of native virus particles contributes to internal structural heterogeneity. Both structural heterogeneity within the virus particle and multiple orientations of the virus particle within the crystal lattice contribute to the lack of electron density for the RNA genome in the native virus crystal structure (Fisher and Johnson 1993; Larson et al. 1993 Larson et al. , 1998 Larson and McPherson 2001; Schneemann 2006) . The cryoelectron microscopy of native virus particles bound to the E. coli pilus with only fivefold averaging at 9 Å , however, shows RNA density at all dimer interfaces (Toropova et al. 2008 . The most loosely constrained ensemble (Fig. 3A) contains the most variation in the RNA hairpins and contains many suboptimal binding hairpins with more structural heterogeneity. This loosely constrained ensemble may partly explain the lack of RNA density in the native virus crystal structure.
An additional possible explanation is less than full occupancy for an RNA hairpin at each A/B dimer interface. The trigger hairpin is important to initiate assembly (Beckett and Uhlenbeck 1988; Beckett et al. 1988; Pickett and Peabody 1993; Peabody 1997) , but as assembly proceeds, the cooperativity of the coat protein assembly may provide sufficient energy to induce the A/B dimer transition and thus relax the requirement for RNA hairpin binding. The coat proteins alone form virus particles, although the efficiency of assembling the correct T = 3 capsid is lower. The fivefold averaging and 9 Å resolution in the cryoelectron microscopy may not reveal inhomogeneous occupancy. If less than 60 hairpins are necessary and the virus particle randomly adopts different orientations in the crystal lattice, then the RNA electron density may be averaged away. If less than 60 hairpins are necessary, the predictions for possible hairpins in Figure 3 does not change. In the Assembly step, if less than 60 hairpins are necessary, then the effect on the prediction is that the hairpins with the lowest scores drop out of the set. Future asymmetric reconstructions and extensive modeling are required to test different hypotheses of virus assembly and reconcile the crystallographic and current electron microscopy data. Crumple and Sliding Windows provide tools to generate possible structures to test hypotheses of viral RNA structure and assembly.
The Crumple, Sliding Windows, and Assembly approach facilitates incorporating a wide variety of experimental data into predictions of RNA secondary structures. The data about the minimum number and minimum length of helices in RNA conformations provided by cryoelectron microscopy and crystallography of viruses are a global constraint on RNA folding that is difficult to incorporate as a constraint in traditional RNA folding programs. SELEX data provide information of sequence preferences in motifs that may be contrary to free energy minimization rules. The approach is not limited by sampling methods or the assumptions of free energy minimization. Crumple is computationally fast because thermodynamic calculations are not included in every step of the prediction. The conformations of encapsidated viral genomic RNA involve significant protein-RNA interactions, and the viral assembly process may be kinetically rather than thermodynamically determined. Thus, Crumple, Sliding Windows, and Assembly provide a useful tool for prediction of viral RNA secondary structures when the traditional assumptions of RNA structure prediction by free energy minimization may not apply.
Many RNA do not fold into a unique single structure and are better described as an ensemble of structures (Uhlenbeck 1995; Solomatin et al. 2010; Marek et al. 2011 ). In the case of encapsidated viral RNA, the hypothesis is that the RNA is neither completely disordered nor a single unique structure but rather an ensemble of secondary structures with similar characteristics that facilitate viral assembly. The Crumple, Sliding Windows, and Assembly computations can generate an ensemble model of encapsidated viral RNA. The resulting predictions can test hypotheses and models of viral assembly, suggest new experiments, and guide construction of complete three-dimensional models of virus particles. A scoring function specific for the MS2 folding problem is used to rank each helix, and a ''best'' helix is chosen for each possible position and length. A ''better'' helix has a lower score. The scoring function can include a variety of different types of experimental data and can be readily modified for each folding problem and the types of experimental data available. Several different scoring functions were developed to incorporate the characteristics of motifs identified by SELEX experiments. For example, one scoring function ranked hairpins according to the binding constant or the natural log of the binding constant for hairpins in one SELEX experiment. In order to accommodate the results of several SELEX experiments in different selection conditions, highly selected motifs and nucleotides preferred at specific positions are scored according to a combined selection order. Penalties several orders of magnitude larger are applied to disallow structures that are selected against in the SELEX experiments. The hairpin's thermodynamic stability is the last criteria considered as a tie-breaker when all other scores for other characteristics are equivalent. The series of scoring functions with increasingly specific criteria in Figure 3 demonstrate how the possible conformational space can be narrowed or fine-tuned. The definition of the possible conformational space is determined by the user and is limited only by the ability to define a scoring function that represents the experimental data. The scoring functions and files used to generate the results in Figures 3 and 4 are available at http://adenosine.chem.ou.edu/ software.html#sliding.
MATERIALS AND METHODS

Sliding windows
Assembly
A dynamic algorithm for assembly is used to assemble 60 hairpins from a set of possible hairpins. A partial assembly is here defined as a set of mutually acceptable hairpins, i.e., hairpins that do not overlap or pseudoknot. A partial assembly has a score, equal to the sum of the scores of the hairpins it contains. It also has a count, equal to the number of hairpins it contains. A two-dimensional table of empty partial assemblies is created, with a width equal to the length of the sequence and a depth equal to the desired number of helices in the final assembly.
The calculation in the assembly algorithm begins at the first column of the first row. This is the ''one-helix'' row. At each entry in the row, the ''best'' helix that starts at the corresponding sequence location is chosen and compared in score to the helix in the previous entry in the row. Entries with no helices are considered to have infinite scores. The helix with the lower score is then added to the partial assembly of the current entry. In this way, each entry in the row represents the best-scoring single helix that occurs at or before that position.
To fill out the next row (the ''two-helix'' row), for each entry in order, the best helix of each length is examined for the corresponding sequence position. This time, however, the score of each helix is summed with a score from the previous row, which is the entry occurring just before the beginning of the current helix (the current column minus the width of the helix). This ensures that the helices are mutually compatible and do not overlap each other. Again, the best of these scores is compared to the score of the previous assembly on the two-helix row, and the lower scoring, i.e., the better of the two, is kept as the assembly for the current entry in the table. In this way, each entry in the second row represents the best-scoring two-helix assembly that can occur at or before that sequence position. This means that the final entry in the row represents the best scoring assembly of two helices in the whole sequence. Calculation continues, each row adding a single helix and creating the best-scoring assembly of n helices. When the entire table is filled out, the final entry of the final row will contain the best-scoring assembly of the desired number of helices.
The spacing between helices is a variable that can be used to include predictions of the path that the hairpins may follow to place a hairpin on each twofold axis with an A/B asymmetric dimer in the virus particle. These predictions are based on an analysis of Hamiltonian paths and estimates of the most efficient folding pathway (Dykeman et al. 2011 ). The step from an adjacent dimer, a short step, or a dimer that is part of another pentagon or hexagon, a long step, would have a defined minimum distance based on the geometry of the icosahedral particle. This distance can be used to estimate the minimum number of nucleotides required between helices. Different possible Hamiltonian paths have a different pattern of short and long steps. This pattern can be included in the assembly process as a further constraint on the best-scoring predicted structure. In Figure 4 , the best proposed Hamiltonian path proposed by Dykeman et al. (2011) was used as a constraint.
For the MS2 analysis on an Athalon +6400 computer at 3.2 GHz with 4 GB RAM, crumpling 3094 windows of 30 nt required approximately 1 min and 4 MB of memory. Scoring and filtering the Crumple output requires 10-20 min depending on the scoring function. The assembly algorithm runs as N 3 M, where N is the length of the sequence and M is the number of helices. The limiting factor is the research time to define an appropriate scoring function. Thus, this approach to predicting an ensemble of secondary structures is fast and efficient.
